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1 Introduction

The question of whether the vector potential A is physically real was settled experimen-
tally in 1986 [1]. The question of what was lost when physics declared it auxiliary has
barely been asked.

The standard formulation of classical electrodynamics treats electric and magnetic
fields E and B as the fundamental physical quantities, with the potentials ¢ and A
serving as computational tools. This hierarchy was not discovered. It was constructed —
through two deliberate 19th-century simplifications and one philosophical decision that
subsequent generations inherited without re-examination.

Each simplification deleted physical content. Heaviside’s vector reduction [2] elim-
inated the scalar part of Maxwell’s quaternion formulation, discarding longitudinal
modes and the scalar-vector coupling terms. The Lorenz gauge convention suppressed
the independent content of V - A and discarded advanced solutions. The resulting
ontological consensus — that fields are primary and potentials auxiliary — was a
philosophical choice dressed as an empirical conclusion.

This paper does not argue that A is real. That argument is over. Instead, it asks: what
engineering degrees of freedom were deleted when physics chose mathematical convenience over
physical completeness?

The answer is substantial. The full four-gradient 9, A, has 16 independent kine-
matic components; standard electrodynamics uses only the 6 antisymmetric ones. The
remaining 10 — the symmetric part, including the scalar-longitudinal coupling that the

Lorenz gauge sets to zero — are not proven absent. They are defined absent by the gauge

convention.
| |
Act 1: Heaviside (1884) Act 2: Lorenz Gauge |Act 3: Ontological Demotion
Quaternion scalar part div(A) content Potentials — auxiliary
—Fengitudinal-medes— Advanced solutions Fields — primary
Scalar-vector coupling Time-symmetric sector Gauge freedom — unphysieal

Result: Reduced theory with fewer degrees of freedom than nature

Figure 1: Three acts of deletion that constructed the field-primary hierarchy. Each act traded
physical content for mathematical convenience. The combined effect is a theory with fewer
degrees of freedom than the phenomena it describes.
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2 The Full Potential Tensor

Before examining the historical construction of the field-primary convention and the
physical content it removed, it is necessary to establish the mathematical framework
that makes precise what was deleted. The standard formulation of electrodynamics uses
only part of the information contained in the electromagnetic potentials. This section
exhibits the full structure and identifies exactly which parts each gauge convention
discards.

2.1 Maxwell’s Seventh Component

Maxwell’s original formulation [3] used quaternion algebra, in which the nabla operator
acting on a quaternion-valued potential produces a full quaternion with both scalar and
vector parts (Eq. (5)). The vector part gives the magnetic field B = V x A. The scalar
part defines a seventh field component:

T = —%%—f +V-A (1)
This is not an exotic quantity. It is the scalar part of the quaternion electric field, pro-
duced by the same algebraic operation that yields E and B. In Hamilton’s quaternion
calculus, the nabla-potential product is a single indivisible operation; T and B are
co-equal outputs. Heaviside and Gibbs split this product into two independent opera-
tions (divergence and curl) and then suppressed T — not because it was shown to be
unphysical, but because it complicated the equations.

The Lorenz gauge condition (Eq. (6)) is precisely the statement T = 0. Setting the
trace to zero is a postulate, not a discovery — a choice to discard a dynamical variable.
When Reed and Hively [4] developed Extended Electrodynamics by relaxing the Lorenz
gauge, what they recovered (their scalar field C, Eq. (12)) is Maxwell’s T component
under a different name and a different unit convention.

The notational relationship between T and C deserves explicit clarification to avoid
confusion. Maxwell’s seventh component (Eq. (1)) is defined as T = —(1/c) 9¢p + V - A,
where the factor 1/c arises from the quaternion convention in which the timelike
component of the potential is ¢/c. The EED scalar field (Eq. (12)) is defined as the
Lorenz four-divergence C = 9, A" = V- A+ (1/ c?) 9;¢, where the factor 1/¢? arises
from the SI convention for the d’Alembertian acting on Ag = ¢/c. The two are related
by T = —cC: they differ by a sign (opposite convention for which term carries the minus
sign) and a factor of ¢ (dimensional conversion between the two representations). Both
vanish under the Lorenz gauge, and both become dynamical fields when the gauge is
relaxed. Throughout this paper, C denotes the Lorenz divergence in the SI convention
of Eq. (12).
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2.2 The 16-Component Decomposition

The mathematical content of the deletion becomes precise in tensor language. The four-
gradient of the four-potential A, = (¢/c, A) is a rank-2 tensor with 16 independent

components:

1 1
Ay = SOuA A+ S(BuAs T aA) )

J/ N J/

-~

TV
F,v (antisymmetric, 6 components) S,y (symmetric, 10 components)

The antisymmetric part F,, is the electromagnetic field tensor, encoding E and B in
its six independent components. This is the only part that standard electrodynamics
retains.

The symmetric part S;,, has ten independent components. Its trace is:

S”yzayA”:%%—f+V-A 3)
which is (up to sign) Maxwell’s T component. The Lorenz gauge sets this trace to zero.

Standard electrodynamics uses 6 of the 16 kinematic components. The remaining 10
are not proven absent. They are defined absent by the gauge convention.

A precise distinction is necessary, and it is the distinction between kinematic com-
ponents and dynamical degrees of freedom. The 16-component decomposition of d, Ay is
kinematic: it identifies the mathematical content available in the tensor. But the number
of propagating degrees of freedom is a separate, dynamical question — one that requires
a Lagrangian and constraint analysis to answer.

The underlying field is A,: four components, not sixteen. The tensor d, A, is a de-
rived object — sixteen functions of four fields. Just as the symmetric metric perturbation
hyy in linearized general relativity has ten independent components but only two prop-
agating degrees of freedom (the transverse-traceless polarizations, with the remainder
eliminated by diffeomorphism gauge and constraint equations), the symmetric part Sy,
has ten kinematic components but cannot support ten independent propagating modes.
The four-potential A, allows at most 4 — 1 = 3 propagating degrees of freedom: four
field components minus one gauge parameter. In standard electrodynamics (Lorenz
gauge imposed), the Gauss constraint further reduces this to 3 —1 = 2 — the two
transverse polarizations. In Extended Electrodynamics (Section 4.3), where the Lorenz
gauge is relaxed and the gauge-fixing term is promoted to a dynamical term (y = 1
in the Stueckelberg Lagrangian), all three modes propagate: two transverse and one
scalar-longitudinal, the latter being the field C (Eq. (12)).
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The kinematic and dynamical perspectives are complementary, not contradictory.
The 16-component decomposition shows what information the four-gradient carries.
The Lagrangian analysis shows which part propagates. Of the ten symmetric compo-
nents, the trace constitutes the one new propagating mode that EED recovers; the nine
traceless components are not independent fields but kinematic functions of the same
four-component A, that already determines the six antisymmetric components. The
“deletion” performed by gauge fixing is real — it discards kinematic information from
aﬂAv that EED retains — but it is a deletion of one dynamical mode, not ten.

The gauge dependence of S, requires the same care. Under a gauge transformation
Ay — Ay + 9dyx, the symmetric part transforms as S,y — Sy + 9,9y x. This means
Suv is gauge-dependent — but the same is true of A, itself, and the Aharonov-Bohm
effect (Section 4.1) demonstrates that gauge-dependent quantities can carry gauge-
invariant physical content. The template is the same: A, is gauge-dependent, but its
holonomy § A, dx" is gauge-invariant. Similarly, S, is gauge-dependent, but in the
EED framework (7y = 1), its trace d, A" is promoted to a dynamical field C with its
own equation of motion — and the dynamics of C are physical because the theory
is gauge-free by construction. There is no residual gauge transformation available to
remove C; the Stueckelberg parameter oy = 1 has eliminated the gauge freedom that

would otherwise allow it.

0 AY (16 components)

F* antisymmetric (6 components) S symmetric (10 components)

Standard Electrodynamics (F, B) Deleted by gauge convention

Figure 2: The 16-component decomposition of d,A,. Standard electrodynamics retains only
the 6 antisymmetric components (blue). The 10 symmetric components (red) are eliminated by
gauge convention.
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2.3 The Helmholtz Decomposition in Four Dimensions

The three-dimensional Helmholtz decomposition [5] splits any vector field into irrota-
tional (curl-free) and solenoidal (divergence-free) parts. Extended to four dimensions
via the Hodge decomposition, the antisymmetric and symmetric parts of 9, A, acquire

geometric meaning:

* The antisymmetric part F,, (a 2-form) encodes the solenoidal, transverse sector
— electromagnetic waves, radiation, and the phenomena that standard electrody-

namics describes exactly.

* The symmetric part S;,, encodes the irrotational, longitudinal sector — scalar-
longitudinal coupling, force-free potentials, and phenomena that produce longitu-
dinal E without B. In the language of the Hodge decomposition, S,, contains the
exact and harmonic parts that the 2-form F,, cannot represent.

The Hodge decomposition adds a further insight absent from the three-dimensional
case: the harmonic component, which is topologically conserved and carries information
about the global structure of the space (winding numbers, cohomology classes). This
harmonic part is precisely what gauge-invariant quantities like the Aharonov-Bohm
phase and magnetic helicity encode (Section 4.1).

2.4 What Each Gauge Kills

Different gauge choices eliminate different subsets of the 10 symmetric components:

Gauge Condition Physical content eliminated

Lorenz 9, AF =0 Trace of S,,; scalar field T; decouples ¢ from A;
forces advanced and retarded potentials to separate

Coulomb V-A=0 All longitudinal components of A; no elasticity, no
longitudinal waves; ¢ becomes instantaneous

Temporal Ao=0(p=0) Scalar potential; electric field becomes purely in-
ductive; static electric phenomena require special
treatment

Axial Az =0 One spatial component; breaks manifest Lorentz

covariance; hides polarization information

Table 1: Gauge conditions and their physical cost. Each gauge simplifies the mathematics by
eliminating degrees of freedom. No gauge condition is wrong — but each makes different
physics invisible.
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The critical observation is that every gauge choice is a projection from the full 16-
component tensor onto a reduced subspace. The projection simplifies computation
at the cost of discarding information. The question this paper asks is not whether
these projections are mathematically valid — they are — but whether the discarded

information has physical content.

2.5 The Geometric Algebra Perspective

Hestenes’ spacetime algebra (STA) [6, 7] provides a modern resolution of the quaternion
structure that Heaviside dismantled. In STA, the geometric product of the nabla operator

with the vector potential naturally unifies the divergence and curl:

VA=V -A+VAA (4)

where V A A is the exterior (wedge) product giving the bivector field F (the electromag-
netic field), and V - A is the inner product giving the scalar field. In geometric algebra,
these are not two separate operations applied independently — they are the two grades
of a single geometric product, inseparable by construction.

This makes the Heaviside truncation algebraically visible: separating curl from
divergence and discarding the scalar part is equivalent to projecting out one grade of a
multivector. The full geometric product V A recovers the complete information content
of 9, Ay in a form that treats all components on equal algebraic footing. The scalar part

was never optional in the algebra. It was half of a single operation.

3 Three Acts of Deletion

The ontological demotion of potentials was not a discovery. It was constructed through
three deliberate choices, each of which traded physical content for mathematical conve-

nience.

3.1 Act1: Heaviside’s Vector Reduction (1880s)

Maxwell’s original formulation [3] used quaternions and contained twenty equations
in twenty unknowns, expressing the full structure of electromagnetic phenomena in-
cluding potentials as central objects. Maxwell treated the vector potential as a primary
physical quantity, calling it “electromagnetic momentum” — a term implying physical
reality, not mathematical convenience. Between 1882 and 1884, Heaviside [2] reformu-

lated this using vector calculus, reducing twenty equations to the four taught today.
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This was a triumph of mathematical economy. It was also a deletion. The specific
content that was lost can be exhibited concretely. In Hamilton’s quaternion calculus,
when the nabla operator acts on the vector potential A, the result is a full quaternion
with both scalar and vector parts [3]:

VA= -V-A+ VxA (5)
N—— N——
scalar part  vector part

The vector part gives the magnetic field: V x A = B. The scalar part, —V - A, has
no counterpart in the modern four equations. In Maxwell’s framework, these two parts
are produced by a single algebraic operation — they are inseparable components of one
quaternion quantity. Heaviside and Gibbs split them into two independent operations
(dot product and cross product) and then physically suppressed the scalar part by
either setting V - A = 0 (Coulomb gauge) or constraining it via the Lorenz condition
(Eq. (6)) [2].

Heaviside was explicit about his intent: he found potentials “mystical” and sought
to “murder them from the theory” [2]. In a letter to Oliver Lodge, he claimed his
reformulation represented “the real and true Maxwell” as Maxwell would have written
it had he not been “humbugged by his vector and scalar potentials” [2]. Hertz went
further, declaring potentials “not physical magnitudes” but useful “for calculations
only” [8]. Gibbs acknowledged the trade-off: the scalar and vector parts “represented
important operations, but their union ... did not seem a valuable idea” [9]. The
elimination was not a unified program but an accidental consensus: Heaviside wanted
to keep scalar potentials while eliminating vector potentials; Hertz preferred to eliminate
both [8]. What survived was neither man’s preference but a compromise that stripped
all potentials of physical status.

The consequences are concrete. Setting V - A = 0 eliminates the scalar-longitudinal
coupling between V - A and d¢ /0t — precisely the coupling that Extended Electrody-
namics (Section 4.3) recovers as the dynamical scalar field C (Eq. (12)). Restoring what
Heaviside set to zero does not modify any transverse prediction of standard electro-
dynamics. It adds a longitudinal sector that the standard theory structurally cannot
represent.

The pragmatic counterargument is strong: Heaviside’s simplification works. The
four vector equations predict every phenomenon that 19th-century physics could mea-
sure, and the transverse sector they describe remains the foundation of electrical engi-
neering, antenna theory, and photonics. The deletion was not wrong in any practical
sense for the physics of the time. It was incomplete — and the incompleteness be-
came visible only when quantum mechanics and gauge-free formulations revealed the
physical content of what had been discarded.
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The limitations of the replacement formalism reinforce the point. Gibbs and Heav-
iside’s vector calculus relies on the cross product, which exists only in three dimen-
sions [9]. In four-dimensional spacetime, there is no unique perpendicular direction, and
the cross product has no natural extension. The quaternion product that Maxwell used
has no such limitation: it operates in any dimension because it encodes both symmet-
ric (inner) and antisymmetric (outer) products simultaneously. The four-dimensional
Heaviside-Gibbs formalism works only by importing the exterior algebra of differential
forms — which is, mathematically, the quaternion structure under a different name.

Jefimenko [10] sharpened the critique from a different angle: E and B do not cause
each other. The standard narrative of electromagnetic induction — a changing B
“produces” E, and vice versa — is pedagogically convenient but physically incorrect.
Both fields are independently caused by charges and currents. Their time derivatives
happen to satisfy coupled equations, but the causal chain runs from sources to fields,
not from field to field. This undermines the conceptual foundation of the field-primary
hierarchy: if E and B are not even causally primary with respect to each other, elevating

them above the potentials from which they derive is doubly unjustified.

3.2 Act2: The Lorenz Gauge Convention

The Lorenz gauge condition (due to the Danish physicist Ludvig Lorenz [11], not the
Dutch physicist Hendrik Lorentz) imposes:

199 _
2ot

This decouples the wave equations for ¢ and A, making them independently solv-

V-A+ 0 6)

able. The mathematical simplification is significant. The physical cost is also significant:
the gauge condition forces V - A to be determined entirely by d¢/dt. Any independent
physical content carried by V - A is suppressed.

The misattribution is itself revealing. Lorenz derived retarded potentials and the
gauge condition in 1867 [11], but Maxwell publicly objected to the retarded-potential
approach in 1868, arguing it violated energy conservation [8]. Coming from Maxwell’s
authority, this critique was devastating to Lorenz’s recognition. By 1900, Wiechert had
erased Lorenz from the citation chain entirely, and des Coudres referred to retarded
solutions as “Lorentz’sche Losungen.” The condition that should bear Lorenz’s name
was cemented under Lorentz’s within a single generation — a case study in how social
dynamics, not scientific priority, shape the narrative of physics [8].

The Lorenz gauge also constrains the temporal structure of the theory. The general
solution to the wave equation admits both retarded and advanced potentials. Standard
practice discards the advanced solutions as “unphysical.” Wheeler and Feynman [12,
13] showed this is not required by the theory. Their absorber theory demonstrated that
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a time-symmetric formulation using equal parts retarded and advanced potentials is
fully consistent with observed phenomena. The apparent arrow of time in radiation
emerges from boundary conditions, not from a fundamental asymmetry in the equations.
Advanced solutions carry physical content about absorber boundary conditions that
the retarded-only formulation discards.

The 16-component decomposition of Section 2.2 makes the cost precise. In the Lorenz
gauge, the trace of S,y (Eq. (3)) vanishes, eliminating the scalar field T. In the Coulomb
gauge (V - A = 0), all longitudinal components of A vanish — the vector potential has
zero elasticity, carries no longitudinal information, and ¢ becomes an instantaneous
(non-retarded) quantity. Different gauges project onto different 6-dimensional subspaces
of the full 16-dimensional space, and each projection discards different physics. The fact
that all gauges agree on the transverse sector is precisely the statement that all gauges
agree on F,, — the 6-component antisymmetric part. They disagree about S, — the 10

components that no gauge retains in full.

3.3 Act 3: The Ontological Demotion

The first two acts removed specific mathematical terms. The third act was philosoph-
ical: the consensus that gauge freedom proves potentials are unphysical. If A can be
transformed as A — A + Vx without changing observables, the argument goes, then A
cannot be physical.

But the Aharonov-Bohm phase (Eq. (7)) is gauge-invariant. The London equation
(Eq. (8)) fixes A physically in a superconductor. Gauge freedom constrains the descrip-
tion of A, not its ontological status. The argument from gauge freedom proves only
that A contains more information than any single gauge-fixed representation captures —

which is an argument for its richness, not its unreality.

3.4 The Combined Effect

Heaviside’s reduction eliminated longitudinal modes and scalar-vector coupling. The
Lorenz gauge eliminated the independent content of V - A and advanced solutions.
The ontological demotion eliminated the motivation to investigate what had been
removed. Together, they narrowed the theory from a rich potential-primary framework
to a field-primary one with fewer degrees of freedom.

Neither simplification was wrong in the sense of producing incorrect predictions
for the phenomena known at the time. Both were wrong in the sense of promoting a
contingent mathematical choice to the status of physical truth — a promotion that every
subsequent experimental test has contradicted.
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HISTORY OF ELECTROMAGNETIC POTENTIALS

1949: 2003: 2020:
1867: Lorenz Ehrenberg-Siday Van Viaenderen Reed-Hively Extended
gauge condition prediction (independent EED) Electrodynamics

(then misattributed)

1884: Heaviside 1903: 1935: 1967: Goto 1984: Berry
reduction Whittaker London (longitudinal geometric
(20 equanons to 4) decomposmon equations photons in QFT) phase

1857 1860 1870 1880 1390 1900 1910 1920 TQSOl 1940 | 1950 1960 1970

2008: Rousseaux
Maxwell-Lodge
effect

2000 2010 2020

1873: 1933: 1978:
Maxwell's Treatise Meissner Konopinski Gravity
(20 equations) effect (A as field Prcbe B
1945: momentum)

1857: ~1900: Wheeler-Feynman g 2012:
Kirchhoff first Lorenz absorber theory ‘1 986 Hively-Giakos
vector potential credit erased 1959: Definitive AB (B=E=0 modes)

(attributed to Lorentz) Aharonov-Bohm confirmation
paper BLUE = Restorations

RED = Deletions (Attribution/Reduction)

Figure 3: The deletion of potentials (red) preceded the experimental and theoretical evidence for
their primacy (blue) by nearly a century. The restoration is still in progress.

4 The Deleted Physics

The three acts of deletion did not merely change notation. They removed physical
content that can be precisely identified. This section presents each deleted sector
together with the evidence that establishes its physical reality. The evidence spans five
domains: topological structure (Section 4.1), condensed matter physics (Section 4.2), the
scalar-longitudinal sector and its consequences for forces and energy flow (Sections 4.3
4.6), the potential hierarchy, quantum persistence, and time symmetry (Sections 4.7—
4.8 and the following section), and the connections to gravitation and the quantum
vacuum (Sections 4.10—4.11). Their convergence from independent lines of inquiry is

the argument.

4.1 Topological Structure and the Aharonov-Bohm Effect

The deepest argument for potential primacy is topological. In the fiber bundle for-
mulation of gauge theory [14], the electromagnetic potential A, is a connection on a
principal U(1) bundle over spacetime, and the field tensor F,, is its curvature. This is
not a metaphor. It is the mathematical structure that the Standard Model uses.

The critical insight is that connections carry more information than curvatures. A
flat connection (F,, = 0 everywhere) can still have non-trivial holonomy — a non-zero
phase acquired by parallel transport around a closed loop — if the base space has
non-trivial topology. Holonomy is a geometric property of the connection. It does not

require quantization, /i, or wave mechanics. The curvature tells you the local geometry;
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the connection tells you the global topology. Gauge fixing, by projecting the connection
onto a specific section of the bundle, can destroy this global information.

The Aharonov-Bohm effect is the physical manifestation of this mathematical fact.
First noted by Ehrenberg and Siday [15] and formalized by Aharonov and Bohm [16]
(AB), a charged particle traversing a region where B = 0 but A # 0 acquires a measur-
able phase shift:

Ago:%fA-dl @)

Path 1

Detector /
Screen

Solenoid
B # 0 inside

Electron
source

Path 2

Figure 4: Schematic of the Aharonov-Bohm experiment. The phase shift depends on the line
integral of A, not on any local field quantity.

The experimental confirmation progressed through three decades of increasing pre-
cision. Chambers [17] provided the first observation using an iron whisker, though field
leakage remained a concern. Tonomura [18] used electron holography with nanoscale
toroidal ferromagnets, confining flux within closed loops. The definitive confirmation
by Osakabe et al. [1] enclosed a toroidal magnet in a superconducting niobium shell,
where the Meissner effect [19] guaranteed complete confinement of B. The phase sensi-
tivity reached 271/100, and the shift of 77 for half-integer flux quanta left no alternative
explanation. The electrons never encounter B. They encounter A.

The Aharonov-Bohm effect is routinely classified as a quantum phenomenon. This
classification obscures the point just established: the phase shift of Eq. (7) is the holon-
omy of the U(1) connection — a geometric property that exists independently of
quantum mechanics. The AB effect is not a quantum correction to classical electrody-
namics. It is a topological property of the connection that becomes observable through
quantum interference but exists at all scales. If the AB effect were purely quantum, one
could argue that the deleted degrees of freedom are relevant only at quantum scales.
But the connection formulation shows that potentials carry topological information —
holonomy, monodromy, winding numbers — at all scales. The deletion did not remove

quantum corrections. It removed geometric structure.
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The principle extends beyond the solenoid geometry and beyond the quantum scale.
The Maxwell-Lodge effect [20] provides a purely classical demonstration: Lodge wound
a primary coil on a toroidal solenoid and detected induced voltage in a secondary coil
outside the torus, where B = 0. Rousseaux et al. confirmed the result with modern
instrumentation, measuring a voltage governed by E = —dA /dt in a region of strictly
zero magnetic field. The harmonic component of A — simultaneously divergence-free
and curl-free — propagates electromagnetic influence classically, without quantum in-
terference or . This is the Aharonov-Bohm effect at macroscopic scale, in the laboratory
of Faraday induction.

Konopinski [21] sharpened the theoretical argument by re-expressing the equation
of motion in terms of canonical momentum: p = mv 4 qA/c. A charged bead sliding
on a circular fiber concentric with a solenoid experiences a velocity change when
the solenoid current varies — the change in A produces a compensating change in
kinetic momentum mv through canonical momentum conservation. Monitoring the
bead’s velocity change at every point directly measures A. The vector potential is
not a mathematical abstraction. It is Faraday’s “electrotonic state” — a store of field
momentum available for exchange with charged particles.

The argument extends from theory to engineering practice. Reed [22] reviewed
the Vector Potential Transformer (VPT) developed by Daibo et al., a patented device
using a “coiled coil” geometry — a flexible solenoid wound toroidally, with its return
wire running coaxially through the core. This geometry ensures B = 0 everywhere
outside the primary winding while maintaining a non-zero A. A secondary toroidal
coil placed in the field-free region detects an induced voltage governed by —0A /ot.
The VPT penetrates conductive shields that block all conventional electromagnetic
signals — voltage appears even when the secondary is enclosed in conducting material.
Applications include sensing through reactor pressure vessels, deep-sea water, and
biological tissue.

The counterargument — that near-field capacitive or inductive coupling could
explain shield penetration without invoking A directly — does not survive the geometry:
the VPT’s coiled-coil topology produces strictly B = 0 outside the primary, and the
secondary voltage’s path dependence is a signature of the harmonic component of A,
not of stray fields. The vector potential is not merely “real enough” to shift quantum
phases. It is real enough to build patented industrial devices on.

Any configuration that produces E = 0, B = 0 while maintaining A # 0 or ¢ # 0
demonstrates potential primacy. Such compensated configurations can be achieved
systematically: when counter-wound conductors cancel their fields everywhere outside
the winding region, the vector potential remains non-zero and extends into the field-free
region. The principle extends to the electric side: when a capacitive element is wound

on a surface with non-trivial topology, the resulting scalar potential ¢ can become
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multi-valued, demonstrating that the topological richness of potentials is not limited to
A and the magnetic sector.

Berry’s geometric phase [23] generalizes this to any quantum system undergoing
adiabatic cyclic evolution. The Aharonov-Bohm phase is the special case where A
serves as the connection. This points to the general principle that the gauge-theoretic
formulation of the Standard Model already implements: the fundamental quantities in
physics are connections (potentials), not curvatures (fields). Feynman, after presenting
the Aharonov-Bohm effect in the Lectures on Physics, concluded that “in our sense then,
the A-field is ‘real’ ” [24] — a notable concession from a physicist who had originally
approached electrodynamics through fields.

The argument extends to both components of the four-potential. Aharonov and
Bohm'’s original paper [16] proposed a dual effect involving the scalar potential ¢:
a charged particle traversing a field-free region of nonzero ¢ acquires a phase shift
A = (q/h) [ ¢ dt, depending solely on the time integral of the potential experienced.
The electric AB effect awaits clean experimental confirmation — the difficulty is practical,
requiring potential switching faster than the electron’s transit time — but its theoretical
basis is identical to the magnetic case. Together, both effects demonstrate that the
full electromagnetic four-potential A* = (¢/c, A), not merely one component of it,
constitutes the physically fundamental quantity, with each component independently
producing observable consequences in field-free regions.

Magnetic helicity [25, 26] provides a concrete example of topological information
carried by potentials. Defined as # = [ A - Bd®x, it measures the topological link-
age and knottedness of magnetic field lines. Despite being defined in terms of the
gauge-dependent A, magnetic helicity is gauge-invariant for closed magnetic field con-
tigurations. It is a conserved quantity in ideal magnetohydrodynamics and determines
the minimum-energy configurations into which turbulent plasmas relax [27]. Taylor
relaxation — the self-organization of turbulent plasma into discrete topological states
labeled by winding numbers — is “classical quantization from topology”: discrete states
emerging from a conserved topological invariant without any role for 7.

The gauge-theoretic structure extends beyond U(1). Barrett [14] argued that toroidal
geometries can promote the symmetry group from U(1) to SU(2), generating non-
Abelian phase factors — phase-dependent quantities that do not commute under
composition. (Barrett’s specific mathematical execution has been critiqued [28] as
insufficiently rigorous; this paper does not endorse Barrett’s formalism. The underlying
topological principle, however, is independent of Barrett’s execution: the Wu-Yang
nonintegrable phase factor framework and the multiply connected topology of the
torus are established mathematical results that permit non-Abelian holonomies without
requiring Barrett’s construction.) In the U(1) case, the order of phase accumulations

does not matter. In the SU(2) case, the path through configuration space determines the
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outcome. This non-commutativity is a direct consequence of the topological richness of
the potential and has no representation in terms of E and B alone. The promotion from
U(1) to SU(2) requires precisely the longitudinal and scalar potential components that

gauge fixing eliminates.
uQ) SU@)

Toroidal topology
promotes symmetry

Simply connected. Multiply connected.
Phases commute. Phases do NOT commute.
Abelian. Non-Abelian.

Gauge fixing eliminates the longitudinal and scalar
components required for this promotion.

Figure 5: Symmetry group promotion from U(1) to SU(2) in toroidal geometry. The multiply
connected topology of the torus enables non-Abelian phase factors that require the longitudinal
and scalar potential components eliminated by gauge fixing.

The topological argument makes the strongest case against the claim that potentials
are “merely mathematical.” The topology of the connection — its holonomy group,
its characteristic classes, its monodromy — is physical, measurable, and irreducible to
tield quantities. Gauge fixing does not remove “unphysical redundancy.” It projects out
topological information that the fields cannot reconstruct.

4.2 Superconductor Physics: Potential Primacy in the Laboratory

The second London equation [29] provides what may be the most direct engineering

evidence for potential primacy:

Js=— A (8)

In the London gauge (V - A = 0, physically enforced by the superconductor’s
response), the supercurrent is directly proportional to the vector potential —not to E,
not to B, but to A itself. One might object that this form is gauge-dependent. But that is
precisely the point: the superconductor selects a gauge physically, through the Meissner
effect, rather than mathematically. Nature fixes A where textbooks say it is arbitrary.
This is the operating principle of every superconducting device: SQUIDs, MRI magnets,
particle accelerators. Engineering already uses A as the primary variable and has done
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so since 1935. The field-primary formulation persists in textbooks while the laboratories
moved on decades ago. Flux quantization reinforces the point. London predicted [30]

that magnetic flux through a superconducting ring is quantized:

h
fA-dl_nE, nez )

The fundamental constraint acts on A, not on B. The vector potential’s role extends
beyond superconductors into normal metals. Biittiker, Imry, and Landauer [31] pre-
dicted that mesoscopic normal-metal rings — small enough for electron phase coherence
to span the circumference — carry equilibrium persistent currents that oscillate with
the Aharonov-Bohm period h/e as a function of the enclosed magnetic flux. Lévy
et al. [32] confirmed this experimentally in copper rings. Unlike interference-fringe
experiments, persistent currents demonstrate that the vector potential A governs the
ground-state energy spectrum of a many-body quantum system, establishing its role as
a thermodynamically consequential quantity rather than a gauge-dependent auxiliary.

The superconductor’s role extends beyond demonstrating that A is physical: Li and
Torr showed that the same condensate may simultaneously fix the gravitational vector
potential (Section 4.10), and Mead connected flux quantization to the potential hierarchy
through the superpotential (Section 4.7). The superconductor is not merely evidence for
potential primacy — it is the laboratory where potential primacy has been engineering

practice for nine decades.

4.3 The Scalar-Longitudinal Sector

The recovery of the scalar-longitudinal sector has been achieved independently by
multiple research programs spanning two decades, converging on the same physical
content through different formalisms. Van Vlaenderen [33] derived the scalar field
S = —goupgo¢/dt — V - A (the negative of the Lorenz condition) from first principles
in 2003, showing that treating S as a dynamical field modifies Gauss’s law by a term
—dS /0t and Ampere’s law by a term +VS. The modified Poynting vector becomes
P = E x B — E§, introducing a scalar energy flux channel that operates independently
of the magnetic field. Van Vlaenderen’s later work [34] extended this into General Clas-
sical Electrodynamics (GCED), predicting three independent wave types — transverse
electromagnetic (TEM), longitudinal electromagnetic (LEM), and scalar (®) waves —
with potentially distinct phase velocities determined by new vacuum constants. Hively
and Giakos [35] arrived at the same scalar field (denoted ¢) via the four-vector wave
equation, identifying five new wave solutions with B = E = 0 — pure scalar modes
carrying energy but no momentum, driven by irrotational (gradient) currents. The

convergence of these independent programs is summarized in Table 2.
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Authors Year Formalism Scalar field

Van Vlaenderen 2003 Helmholtz decomposition S
Hively & Giakos 2012 Four-vector wave equation ¢
Van Vlaenderen 2016 GCED (three wave types) S
Reed & Hively 2020 Stueckelberg Lagrangian C

Table 2: Independent derivations of Extended Electrodynamics. All four derivations arrive
at the same scalar field (the Lorenz condition promoted to a dynamical variable) through
different formalisms. The notational differences (S, ¢, C) mask physical identity: S =¢ = C =
V-A+(1/c%)a¢/ot.

Reed and Hively [4] synthesized these threads into Extended Electrodynamics
(EED), a gauge-free formulation whose Lagrangian derives from the Stueckelberg mech-
anism [36] — the same framework used in gauge-invariant massive electrodynamics.
Woodside [37] proved uniqueness theorems for three-vector and scalar field decomposi-
tions in Minkowski space, showing that the four-potential decomposes into exactly two
physically distinct classes: the four-solenoidal class (zero four-divergence, recovering
standard electrodynamics under the Lorenz gauge) and the four-irrotational class (zero
four-curl, F,, = 0), which is the scalar-longitudinal sector. These theorems establish
EED as the provably unique gauge-free extension of Maxwell’s equations when the
Lorenz gauge constraint is relaxed.

The Stueckelberg Lagrangian provides a unified view. In its general form, the
Lagrangian density reads [4, 36]:

1 v, T 21 5
L= _ZFWW + E(BHA") — oM Ay Al — T, A¥ (10)
The first term is the standard Maxwell Lagrangian. The second term, proportional to v,
is the key: when <y = 0, this term vanishes and the Lorenz gauge can be imposed as an
external constraint. When < = 1, this term becomes a kinetic contribution for the scalar
field C = 9, A¥, giving it dynamical content. The third term is the Proca mass term, and

Juu is the four-current source. The Euler-Lagrange equations of Eq. (10) yield:
Oy FM 4 v oH (9, AV) — m> Al = JH (11)

For v = 0, m = 0: the standard Maxwell equations. For v = 1, m = 0: taking the
four-divergence of Eq. (11) and using the antisymmetry of F/" (which gives 9,0, F*" = 0
identically) yields LIC = 9, J# — the scalar field C satisfies a wave equation sourced by
charge non-conservation. For conserved currents (9, J# = 0), this becomes the free wave
equation [JC = 0: the scalar field propagates at the speed of light as a free field. Two
parameters — mass m and gauge-coupling constant oy — span the full space of theories
(Table 3).
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Theory m  Longitudinal sector

Standard Maxwell (Lorenz gauge) 0  Absent (gauge-fixed away)
>0 3rd polarization via mass

0 Scalar field C

Proca (massive photon)

-0 O | =

EED (gauge-free, massless)

Table 3: The Stueckelberg parameter space. Standard electrodynamics occupies a single point
(y = 0, m = 0). Both extensions — photon mass (Proca) and gauge relaxation (EED) —
independently introduce longitudinal degrees of freedom through distinct mechanisms. EED
does not require massive photons; the scalar-longitudinal sector exists for strictly massless fields.

Proca
- A Massive photon, 3 polarizations
-
£
=l
o | Unexplored
@ | parameter space
< |
2
]
E |
l
| EED
1 Standard Maxwell Scalar field C,
: Lorenz gauge, 2 polarizations massless, 34+ modes
0e >0——>
0 1

v (gauge coupling)

Figure 6: The Stueckelberg parameter space. Standard electrodynamics occupies the origin (y =
0, m = 0). The Proca extension (massive photon, m > 0) introduces longitudinal polarization
through mass; Extended Electrodynamics (v = 1, m = 0) introduces it through the scalar field
C. Both extensions are independent — the scalar-longitudinal sector exists for strictly massless
photons.

4.4 Scalar-Longitudinal Signatures

The convergence of independent derivations establishes the theoretical foundation.
What observable signatures would the scalar-longitudinal sector produce? EED pro-
vides specific, testable predictions centered on a scalar field C defined by:

1 9¢

C=V-A+ 5= (12)
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In standard electrodynamics, the Lorenz gauge sets C = 0 by convention. EED treats

C as a dynamical field. The consequences are significant:

* Ampere’s law gains a term —VC, and Gauss’s law gains a term dC/dt. These
terms affect only the irrotational (longitudinal) components — the solenoidal
(transverse) electrodynamics of standard theory is unchanged.

* EED predicts two new wave types: scalar-longitudinal waves (SLW), carrying
both energy and momentum via a longitudinal E field plus the scalar field C; and

free-space scalar waves (SW), carrying energy only.

* Both SLW and SW are immune to the skin effect, since they carry no B field. This

is a testable, distinguishing prediction.

* The EED Lagrangian (Eq. (10)) derives from Stueckelberg’s formulation and is
provably unique [37].

¢ The EED energy-momentum tensor, derived from the Lagrangian (Eq. (10)) via the
standard Noether procedure, is conserved: 9, T#" = 0 in the absence of sources.
The generalized Poynting vector P = E x B — E C satisfies the continuity equation
ou/ot+V -P = 0, where u = 3(E? + B? + C?) is the total field energy density
including the scalar field contribution [4, 33]. Energy conservation is not broken
by the additional sector; it is extended to include a scalar energy flux channel.

This is not speculative physics in the theoretical sense: it is the mathematically
necessary consequence of not imposing the Lorenz gauge — of asking what happens
when the content that Act 2 deleted is restored.

A concrete comparison illustrates the difference. Consider electromagnetic trans-
mission through a conductive Faraday enclosure. In standard electrodynamics, the
skin depth 6 = /2/(wuo) determines attenuation: transverse electromagnetic waves,
which carry B fields, induce eddy currents that exponentially suppress transmission. A
well-constructed Faraday cage blocks all standard EM signals.

EED predicts a qualitatively different outcome for scalar-longitudinal waves. Be-
cause SLW carry a longitudinal E field and the scalar field C but no B field [4], they
do not induce the eddy currents responsible for skin-effect attenuation. EED therefore
predicts that SLW penetrate Faraday enclosures — a testable signature with no expla-
nation in standard electrodynamics. SLW are also predicted to exhibit 1/7? free-space
attenuation (characteristic of scalar radiation) rather than 1/r attenuation (characteristic
of transverse radiation), and to be receivable by monopolar antennas that are insensitive

to transverse waves.
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Preliminary experimental results reported by Hively (US Patent 9,306,527 [38]) —
including SLW transmission through Faraday enclosures, reception by monopolar an-
tennas, and 1/7? free-space attenuation — are consistent with these predictions and
cannot be explained by standard electrodynamics. These results have not been inde-
pendently replicated, and the broader physics community treats them with appropriate
caution given their extraordinary implications.

The strongest objection is immediate: quantum electrodynamics (QED), which does
not include EED’s scalar field C, is the most precisely tested theory in physics. Its
predictions agree with experiment to better than one part in 10'? (the electron magnetic
moment anomaly). If the scalar-longitudinal sector were dynamically relevant, one
might expect it to appear as a correction to QED precision tests. The EED response is that
the scalar-longitudinal sector couples only to the irrotational (longitudinal) components
of the field — precisely the components that QED’s transverse photon propagator does
not probe. The two theories make identical predictions for all transverse phenomena.
They diverge only for longitudinal configurations that standard experiments were not
designed to test. Whether this divergence is real is an experimental question — one that
the field-primary framework cannot even formulate.

A critical subtlety often missed in discussions of the scalar-longitudinal sector: the
scalar potential ¢ and the longitudinal component of A do not propagate independently.
They form a single coupled mode. The coupling term V - A + (1/c?)d¢/dt entangles
both potentials: ¢ drives longitudinal A, and longitudinal A drives ¢. Together they
propagate at c with a longitudinal E field and no B field. The propagation speed follows
directly from the EED field equation (Eq. (11)): for v = 1 and m = 0, the scalar field
satisfies JC = 0 in free space, where [ = (1/¢?)9? — V? is the d’Alembertian. This
is the standard wave equation with phase velocity and group velocity both equal to
c — the same causal structure as transverse electromagnetic waves. No superluminal
propagation arises; scalar-longitudinal waves respect the light cone. Separately, neither
¢ nor Ar, propagates at all.

This coupled nature explains why the scalar-longitudinal sector was invisible for so
long: searching for “scalar waves” or “longitudinal A waves” in isolation finds nothing.
The mode exists only as a coupled (¢, Ar) entity — precisely the coupling that the
Lorenz gauge destroys by freezing one in terms of the other.

The Proca equation [39] makes the connection between gauge freedom and the
longitudinal sector explicit. For a massive vector boson, the Lagrangian includes a mass
term 3m*A, A" that breaks gauge invariance. The Proca field has three polarization
states: two transverse (as in standard electrodynamics) and one longitudinal. The
longitudinal polarization is not a theoretical curiosity — it is the mode that gives the W
and Z bosons their third degree of freedom and makes the weak force short-ranged.
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The Stueckelberg mechanism [36] restores gauge invariance to the massive theory
by introducing a compensating scalar field ¢g that absorbs the gauge variation of
the mass term. The chain is: massless photon (2 polarizations, gauge-free) — Proca
(3 polarizations, gauge-broken) — Stueckelberg (3 polarizations, gauge-restored via ¢s).
In unitary gauge (¢s = 0), the Stueckelberg theory reduces to Proca: the scalar field is
“pure gauge” — it was introduced to be removed.

A natural objection follows: if the Stueckelberg scalar is pure gauge by construction,
how can EED use the same mechanism to argue that the scalar field C is physical? The
answer is that EED does not use the same mechanism. In the standard Stueckelberg
theory (m > 0), the scalar compensates the gauge variation of the mass term. Its role is
to restore a symmetry that the mass term broke. In EED (y = 1, m = 0), the scalar field
C = 9, A" is not a compensating field at all. It is the Lorenz divergence itself, promoted
from a constraint (C = 0 in the Lorenz gauge) to a dynamical variable (UC = sources). The
gauge-fixing term in the standard Lagrangian — (y/2)(9,A*)* — becomes a kinetic
term when ¢ = 1, and the resulting theory has no residual gauge symmetry. There is no
unitary gauge available to remove C, because there is no gauge freedom left to fix.

The distinction is between a scalar field introduced to absorb gauge freedom (Stueck-
elberg with m > 0: pure gauge, removable) and a scalar field that is the freed constraint
(EED with ¢ = 1: dynamical, irremovable). EED borrows the Stueckelberg Lagrangian
structure but not the Stueckelberg interpretation. The scalar-longitudinal sector is what
appears when the photon is given mass and what the Lorenz gauge hides when it is
taken away:.

Whether the photon has a small but non-zero mass is an experimental question with
a current upper bound of m, < 107!8 eV/c?. But the mathematical point does not
depend on the answer: the longitudinal polarization is a degree of freedom that the
theory contains and the gauge convention removes. Whether nature uses it is precisely
the question that gauge-fixing prevents from being asked.

Experimental evidence for the scalar-longitudinal sector extends beyond Hively’s
patent. The NASA Breakthrough Propulsion Physics program [40] documented trans-
mission of longitudinal electrostatic waves through solid dielectrics (pp. 404—407):
signals propagated through glass and Plexiglas with less dispersion than through air,
and were detected through closed wooden doors at distances of several meters. These
waves carried no associated magnetic field — consistent with the EED prediction that
the scalar-longitudinal mode produces longitudinal E but no B. The enhanced transmis-
sion through dielectrics is particularly significant: transverse electromagnetic waves
are attenuated by dielectrics, while a longitudinal mode coupling to the electric polariz-
ability of the medium would experience reduced dispersion — exactly the observed
signature. The scalar-longitudinal sector is what Heaviside’s reduction and the Lorenz

gauge jointly suppressed.
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4.5 Newton’s Third Law and the Missing Longitudinal Force

The deletion of the scalar-longitudinal sector has a consequence rarely discussed: stan-
dard electrodynamics violates Newton's third law for non-closed current distributions.
The Lorentz force between two current-carrying elements is not generally reciprocal
for open circuits. Van Vlaenderen [34] showed that the Grassmann force law (the dif-
ferential form underlying the Lorentz force) produces unbalanced forces whenever
the current distribution has non-zero divergence — precisely the configurations where
V-A#0.

The resolution comes from the same scalar field that Extended Electrodynamics
recovers. GCED [34] introduces a scalar magnetic field B; mediating a longitudinal
Ampere force f] alongside the standard transverse force fr. The total Ampere force
density f = f; 4 fr satisfies Newton’s third law for both closed and open circuits.
The reciprocal force law that emerges is Whittaker’s force law — a generalization of

Grassmann’s that includes the longitudinal component the Lorenz gauge removes.

Standard Electrodynamics Extended Electrodynamics
(Grassmann Force) (Whittaker Force)
I
F
12 Restore
longitudinal
]2 sector
Fa,
Fip #Fp1for V-J#0 f=fr+fLoFp=Fy
Newton’s Third Law VIOLATED Newton’s Third Law RESTORED

Figure 7: Newton's third law violation and restoration. Left: the Grassmann force law produces
unequal forces (F12 # F»1) for non-closed current distributions (V - J # 0). Right: the Whittaker
force law decomposes the interaction into transverse (fr) and longitudinal (f;) components. The
total force satisfies F1o = —F,; for both open and closed circuits.

This is not an exotic prediction. It is testable in exploding-wire experiments, railgun
physics, and any configuration involving non-divergence-free currents. The longitu-
dinal forces have been observed experimentally but cannot be accounted for within
standard Maxwell electrodynamics.
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A fair objection: railgun anomalies and exploding-wire dynamics involve extreme
conditions (high current densities, rapid phase transitions, magnetohydrodynamic
instabilities) where attributing force discrepancies to a missing longitudinal component
rather than to unmodeled material effects is not unique. However, the mathematical
point is independent of any specific experiment: the Grassmann force law is provably
non-reciprocal for V - J # 0, and Newton’s third law is a constraint that any complete
theory must satisfy. Whether the longitudinal Ampere force is the correct resolution is an
experimental question; that standard electrodynamics has a problem is a mathematical
fact.

4.6 The Heaviside Energy Paradox

The deletion of degrees of freedom has consequences for energy accounting that are
rarely acknowledged. The Poynting vector S = E x B/ is the standard measure of
electromagnetic energy flow. But as Heaviside himself recognized, the Poynting vector
is not unique: the curl of any vector field can be added to it without changing the total
energy flux through any closed surface. The Poynting vector captures the divergent part
of the energy flow; the curl addition — the Heaviside component — is divergence-free
and therefore invisible to energy conservation arguments.

The Heaviside component is not small. Around a current-carrying conductor, the
non-Poynting energy flow is enormously greater in magnitude than the Poynting
component that enters the wire [2]. Almost all electromagnetic energy flowing near a
conductor passes by without being intercepted. This is not a theoretical curiosity but a
measurable fact: the energy density of the electromagnetic field around a wire vastly
exceeds the energy delivered to the load.

Standard electrodynamics declares the Heaviside component unphysical because it
does not contribute to net energy transfer across closed surfaces. But this declaration
depends on the assumption that energy flow is fully characterized by E and B. In the
potential-primary formulation, energy flow has additional terms involving A and ¢
directly. Van Vlaenderen’s generalized Poynting vector [33] P = E x B — E S provides
a concrete mechanism: the scalar field S contributes an energy flux term —E S that is
longitudinal, carries its own energy density (x S?), and operates even when B = 0. For
scalar-longitudinal waves, the entire energy flux is carried by the —E S channel, with
the standard E x B contribution vanishing identically. The Heaviside component may
not be “excess” energy flowing nowhere — it may be energy flowing through the scalar
channel that the field-primary Poynting vector structurally cannot represent.
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4.7 The Potential Hierarchy

In 1903, Whittaker [41] proved that the general solution of the Laplace equation in three
dimensions can be expressed as an integral over plane waves:
27
$(r) = f(xcosa +ysina +iz, a)du (13)
0

where f is an arbitrary function of two arguments. This means any static scalar poten-
tial — electrostatic or gravitational — is not a structureless quantity. It is an integral
superposition of plane waves propagating in all directions.

A concrete example makes the point. The Coulomb potential ¢ = g/ (47eor) satisfies
the Laplace equation everywhere except the origin. Applying Whittaker’s theorem
yields:

27
.1 / 1 du (14)
0

ro 2w xcosa +ysina + iz

The point charge’s apparently structureless 1/7 potential is revealed as a superposition
of plane-wave-like functions over all azimuthal directions. Each term in the integrand
depends on a single linear combination of coordinates — a directional mode that
the gradient operation E = —V¢ cannot recover individually. The potential carries
structural information that the field representation destroys upon differentiation. The

equivalent Fourier-space representation makes this even more transparent:

1 1 eik-r 3
_— = — _— ]-
1] 2n2/ @ Tk (15

Each Fourier mode ¢’*/k? propagates in a definite direction k. The potential is a
sum over all such modes; the field is the gradient of this sum. Information about the
individual mode structure is present in ¢ but absent from E.

In the interpretation developed by later scalar wave theorists, the bidirectional struc-
ture of these wave pairs implies the simultaneous presence of time-forward and time-
reversed components — though Whittaker’s original treatment is purely mathematical
and does not make this physical claim. Indeed, Rodrigues and Trovon de Carvalho [28]
identified specific mathematical limitations in Whittaker’s 1903 construction: the po-
tential satisfies the Poisson equation (not Laplace, as Whittaker stated), the assumed
emission spectrum is ad hoc, and the Fourier-decomposed fields are complex-valued
rather than physically observable. These caveats do not invalidate the decomposition’s
utility for the present argument — the structural point that potentials carry more infor-
mation than fields survives intact — but they must be acknowledged to distinguish the
rigorous mathematical content from overclaiming that has appeared in the subsequent

literature.
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Whittaker’s 1904 paper [42] extended this result to electrodynamics, showing that the
complete electromagnetic field can be expressed through two scalar potential functions
F and G. The interference of these two scalar potentials generates all the field patterns
of classical electrodynamics. Hillion [43] demonstrated that Whittaker’s two scalars are
a special case of the more general Hertz potentials (11, Q)), obtained by fixing an arbitrary
unit vector to a specific direction (g = 2), with the identification F = II, G = —Q.
The Hertz potentials are direction-independent and more general; the four-potential is
derived from them via A = —4I1 (with the Lorenz gauge emerging automatically from
02 = 0), and the field tensor follows mechanically as F,, = a[VAV]. This establishes a

potential hierarchy deeper than previously recognized:

Scalar wave equation (0°® = 0) — Hertz potential IT — Whittaker scalars (F, G)
— Four-potential (¢, A) — Fields (E, B)

Level 0
Scalar Wave Equation (92 = 0)

Seed function

0’II=0
Level 1

Hertz Potential I1

Lorenz gauge automatic: 62 = 0

g=1;
Level 2

Whittaker Scalars (F, G)

Special case: g =2

= —4I1
Level 3 -

Four-Potential (¢, A)
Gauge-dependent but physical

F=dA
Level 4

Fields (E, B)

Observable but incomplete —
information lost

Full physical content

Standar& textbook
electrodynamics

Figure 8: The potential hierarchy. Standard electrodynamics operates only at the bottom two
levels (right bracket). Above the four-potential, Whittaker’s two scalar potentials sit as a
direction-restricted (g = ) special case of the Hertz potential I'l, which itself derives from a
scalar wave equation. The Lorenz gauge, imposed as an external constraint at Level 3, is an
automatic identity (6% = 0) at Level 1. Each downward arrow is a derivative operation that loses
information.
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Each level of the potential hierarchy generates the next by a derivative operation. Each
derivative operation is lossy — information present in the generating object is absent
from the derived one. Standard electrodynamics operates at the bottom two levels. The
Lorenz gauge, which at the four-potential level is an external constraint, is at the Hertz
potential level an automatic identity (5> = 0). The gauge condition is not a physical law
but an algebraic tautology of the deeper structure.

The connection to the scalar-longitudinal sector (Eq. (12)) is direct: Whittaker’s
decomposition shows that potentials have internal wave structure; Extended Electro-
dynamics shows that relaxing the Lorenz gauge allows this structure to propagate as
a dynamical field. The Whittaker decomposition provides the kinematic evidence for
potential richness; EED provides the dynamical mechanism.

Mead [44] connected Whittaker’s scalar potentials to quantum mechanics through
the superpotential ), defined by A = V and ¢ = dx/9dt. In a superconductor, the
macroscopic quantum phase 6 is directly proportional to the superpotential: x = (%/9)6.
This connects the potential hierarchy to quantum coherence: the superpotential is (up
to a constant) the quantum phase itself. The topological constraint that 8 must be single-
valued modulo 27t produces flux quantization (Eq. (9)) — showing that the potential
hierarchy is not merely mathematical but determines the quantization conditions of
macroscopic quantum systems.

A further degree of freedom invisible to the standard formulation has been identified
in metamaterials research. Kaelberer et al. [45] demonstrated that electromagnetic fields
in metamaterials require a toroidal dipole moment — a third multipole family beyond
the electric and magnetic multipoles of the standard expansion. The associated order
parameter, toroidization T(t), is analogous to electric polarization P and magnetization
M: a macroscopic state variable that describes the material’s response to electromagnetic
excitation. Standard electrodynamics has no mechanism to represent toroidization
because it requires the interplay of longitudinal and transverse potentials — the same
interplay that gauge fixing suppresses.

The standard formulation operates at the field level. It cannot see the scalar potential
structure above — not because that structure is speculative, but because the Lorenz
gauge and the ontological demotion made it invisible.

4.8 The Quantum Persistence of Deleted Modes

The deleted degrees of freedom are not merely a classical curiosity. They persist in
quantum field theory. In Lorentz-gauge quantization, the four-potential A, carries
four polarization states per wave vector: two transverse, one longitudinal, and one
scalar. The standard Gupta-Bleuler formalism handles the extra modes by introducing
an indefinite-metric Hilbert space (with negative-norm “ghost” states) and filtering
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physical states via the subsidiary condition BVA(JF)VW) = 0. The longitudinal and
scalar modes cancel pairwise in physical matrix elements but remain present in the
operator algebra. Goto [46] demonstrated that this cancellation is not the only option:
by allowing A, to be non-Hermitian while preserving a Hermitian Hamiltonian, one
obtains a positive-definite Hilbert space with no ghosts, no indefinite metric, and
an S-matrix identical to Dyson’s standard formulation. In Goto’s construction, the
longitudinal and scalar photon modes persist as independent dynamical variables. The
Lorentz condition filters which states are physical — it does not delete the degrees of
freedom from the theory’s dynamical structure.

The conventional identification of these modes as “unphysical” reflects a state-
selection criterion, not a structural absence. The counterargument is that non-Hermitian
operators may be mathematically admissible without being physically meaningful — a
formal trick that preserves the S-matrix while inflating the ontology. But this objection
cuts both ways: if the standard Gupta-Bleuler formalism introduces indefinite metrics
and ghost states as mathematical artifacts of mode deletion, and Goto’s formalism
avoids those artifacts at the cost of non-Hermiticity in unobservable fields, the question
of which formalism is “merely formal” is not settled by appeal to convention. The
“deleted” degrees of freedom were never absent from quantum electrodynamics. They
were declared invisible.

The sharpest objection must be stated explicitly: in Gupta-Bleuler quantization, the
scalar (timelike) photon mode has negative norm. This is a mathematical fact, not an
artifact of a particular gauge choice. The standard theory handles this by restricting to a
physical subspace where the negative-norm states decouple from all observables (the
Ward identities guarantee this cancellation order by order in perturbation theory). If the
scalar-longitudinal sector is promoted to physical status — as EED proposes classically
and as Goto’s formalism permits quantum-mechanically — the question of whether
negative-norm states contaminate the physical Hilbert space must be answered.

Three responses are available. First, Goto’s non-Hermitian construction produces
a positive-definite Hilbert space with an S-matrix identical to the standard one; the
negative norms are an artifact of insisting on Hermitian field operators, not a physical
constraint. Second, EED as formulated by Reed and Hively is a classical framework.
Its predictions — scalar-longitudinal wave propagation, Faraday cage penetration,
modified Poynting vector — are classical observables that do not require quantization to
test. Whether EED admits a consistent quantum extension is an open question, but the
classical predictions stand independently of the answer. Third, the massive Stueckelberg
theory (m > 0) is known to be renormalizable and unitary [36] — the compensating
scalar ensures that all negative-norm states decouple exactly, as in the Standard Model’s
electroweak sector. Whether the massless EED limit (m — 0, v = 1) preserves this
unitarity is the precise question that a future quantum treatment of EED must address.
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This paper does not claim that the quantization problem is solved. It claims that the
classical scalar-longitudinal sector is physically well-defined, experimentally testable,
and invisible in the field-primary formulation — and that the quantum status of these
modes is an open question that the standard formulation forecloses by convention

rather than by proof.

4.9 The Time-Symmetric Sector

Wheeler and Feynman [12, 13] demonstrated that classical electrodynamics admits
a fully time-symmetric formulation. Their central postulate replaces the standard
retarded-only field with a time-symmetric combination: the electromagnetic field tensor

acting on particle a due to particle b is

1
wv wv
Foa) = 3 (Fetb + Fadv b> (16)
where F/'/ ret p and Fr adv,p are the retarded and advanced Liénard-Wiechert fields of particle
b. This postulate follows from the Fokker action [12]:

Zmu /dsa Y ey, // — xp)?] X sty dsa dsy, (17)

a<b

The delta function &[(x, — x;)?] constrains interactions to the light cone and selects both
retarded and advanced contributions with equal weight — this is the mathematical
origin of the half-and-half structure. The theory eliminates self-interaction divergences
entirely: there is no field of a particle acting on itself, only direct particle-particle action
at a distance along the light cone.

Dirac had previously shown [47] that using half the difference between retarded
and advanced fields eliminates the divergent self-energy of classical electron theory,
avoiding the need for mass renormalization. The Wheeler-Feynman theory provides
a physical mechanism for Dirac’s mathematical prescription: the absorber (the rest of
the universe) responds with advanced waves that, when summed with each emitter’s
time-symmetric field, produce the observed purely retarded radiation and the correct
radiation reaction force.

The counterargument is substantive and must be examined honestly. The absorber
theory requires the universe to be a “perfect absorber” — that all emitted radiation is
eventually absorbed by the totality of matter in the universe. This is a cosmological
boundary condition that is difficult to test independently. In an expanding universe with
a cosmological horizon, radiation emitted beyond the horizon may never be absorbed,
violating the perfect-absorber condition. Davies and Hogarth showed that the theory’s
predictions depend on the cosmological model: in a matter-dominated Friedmann

universe, the absorber condition is satisfied; in a radiation-dominated or de Sitter
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universe, it may fail. The theory therefore makes a testable cosmological prediction
— but one that couples its electromagnetic content to the large-scale structure of the
universe in a way that standard electrodynamics does not.

If the absorber condition fails, the Wheeler-Feynman formulation does not recover
standard retarded radiation automatically. The time-symmetric field becomes an incom-
plete description, and additional boundary conditions must be imposed to select the
retarded solution. The formulation degrades gracefully — it reduces to the standard
theory with an explicit boundary condition rather than an implicit one — but it loses its
explanatory advantage regarding the arrow of time.

The theory has not been extended to a fully satisfactory quantum version, though
Cramer’s Transactional Interpretation of quantum mechanics [48] builds directly on the
Wheeler-Feynman framework.

Despite these limitations, the mathematical point stands: the standard practice
of discarding advanced solutions is not required by the equations. It is a boundary
condition choice that eliminates physical content about the absorber structure of the
universe. The time-symmetric sector is what Act 2 deleted when it privileged retarded
solutions.

Cramer [48] extended the Wheeler-Feynman framework into quantum mechanics
with the Transactional Interpretation: quantum events are “handshakes” between
retarded offer waves () and advanced confirmation waves (¢*). The critical observation
is that * — the complex conjugate of the wave function — is an advanced wave.
Wigner’s time-reversal operator in quantum mechanics is complex conjugation. The
Born rule P = |¢|> = y¢p* already contains both time directions: the retarded wave
y propagating forward and the advanced wave ¢* propagating backward. Standard
quantum mechanics uses both components in every probability calculation but does
not acknowledge the time-reversed component as physically meaningful.

This means the “deleted” time-symmetric sector was never truly deleted from
quantum mechanics. It was hidden in the formalism’s use of * — present in every
overlap integral, every matrix element, every expectation value. The deletion occurred
at the interpretive level: the physics kept the mathematics of advanced waves while the
narrative declared them unphysical. The time-symmetric sector is hiding in plain sight
in the complex conjugate structure of quantum mechanics.

4.10 The Electromagnetic-Gravitational Bridge

In the weak-field limit of general relativity, the Einstein field equations reduce to a set
of equations formally analogous to Maxwell’s equations — gravitoelectromagnetism
(GEM) [49]. The analogy introduces a gravitoelectric field E; and a gravitomagnetic
field By, derived from a gravitational scalar potential @, and vector potential A,:
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These fields satisfy four equations structurally identical to Maxwell’s equations [49]:

V- E¢ = —4nGp (19)

V-Bg =0 (20)
10B

V x Eg = _Ea_tg (21)
471G 10E

where p is mass density, J, = pv is mass current density, and the negative signs (relative
to electromagnetism) reflect that gravity is attractive. The factor of 1/2 in Eq. (18) has no
electromagnetic counterpart. It originates in the linearized Einstein equations: writing
the metric as g = 1y + hyy, the off-diagonal components hy; enter the geodesic
equation with a coefficient of 2 relative to the Newtonian potential /og, producing A, =
—cz(hm, ho, hoz) /2. The 1/2 thus reflects the spin-2 tensor structure of gravity [49] — a
fundamental difference that prevents the analogy from being exact at all orders. This
analogy is experimentally confirmed. The Gravity Probe B mission [50] measured frame-
dragging — the gravitomagnetic effect — around Earth at 37.2 4= 7.2 milliarcseconds per
year, in agreement with the GEM prediction. Moving mass generates a gravitational
analogue of the magnetic vector potential, and the gravitomagnetic field By produces
measurable effects on orbiting gyroscopes.

Li and Torr [51] demonstrated that the London equations can be extended to in-
corporate gravitomagnetic fields. In a superconductor, the Cooper pair condensate
physically fixes A (London gauge). Li and Torr showed that the same condensate may
simultaneously fix the gravitational vector potential A, through a gravitomagnetic

London moment:

where w is the angular velocity of the superconductor. This prediction connects the
electromagnetic London equation (Eq. (8)) to gravitomagnetic effects through the mass-
to-charge ratio of the Cooper pair — the same ratio that determines the flux quantum
h/2e. If the superconductor physically enforces potential primacy for A (as the London
equation establishes), and if the same mechanism extends to A, (as Li and Torr predict),
then superconductors provide a direct experimental bridge between electromagnetic
and gravitational potential primacy — not an analogy but a physical coupling mediated

by the same condensate.
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In the potential-primary interpretation, the EM-gravity analogy gains additional
depth. If both electromagnetic and gravitational phenomena are fundamentally de-
scribed by connections (potentials) rather than curvatures (fields), then the shared geo-
metric structure suggests a deeper relationship than the formal analogy alone. NASA’s
Breakthrough Propulsion Physics program [40] explored whether specially conditioned
electromagnetic configurations — designed to maximize vector potential disturbances —
could produce measurable gravitational effects. The program documented that toroidal
geometries generate A-field patterns extending far beyond the device boundary, where
E and B vanish. No positive gravitational results were reported.

The connection between electrodynamics and gravitation deepens considerably
in the Kaluza-Klein framework [52, 53]. By extending spacetime from four to five
dimensions, Kaluza showed that the electromagnetic four-potential A, appears as the
off-diagonal components of the five-dimensional metric tensor gs,,. In this formulation,
gauge transformations are coordinate transformations in the fifth dimension, and electric
charge is momentum in the fifth dimension. The vector potential is not analogous to the
gravitational metric — it is part of the gravitational metric in five dimensions. Deleting
degrees of freedom from A, therefore deletes components of the higher-dimensional
gravitational field.

The superpotential formulation makes this connection precise through a striking
identification: the gravitational potential @y is related to the divergence of A — precisely
the term that the Lorenz gauge eliminates. If V - A carries gravitational information,
then gauge-fixing the electromagnetic potentials simultaneously hides gravitational
degrees of freedom. This is not an analogy. It is a mathematical consequence of the
Kaluza-Klein embedding: gauge freedom in four dimensions is geometric freedom in

tive dimensions, and constraining one constrains the other.

Electromagnetism Gravitation (GEM)
Kaluza-Klein: A, IS the 5D

( metric component g, [ Gravitational |
L i ; M s
kFour potential (¢ A)J | potentials (®g, 4)
. * = Formal analogy - ~
. (weak field) .
Fields (E, B) S ————ay Fields (Eg, By)
i e N 2
f Forces ) i Forces }
| (F=qE+qvxB) | | (geodesic equation)

Figure 9: The electromagnetic-gravitational bridge through potential primacy. In the Kaluza-
Klein framework, the electromagnetic four-potential A, is a component of the five-dimensional
gravitational metric. Deleting degrees of freedom from A, simultaneously hides gravitational
degrees of freedom.
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A more speculative connection deserves mention with appropriate caveats. Wood-
ward [54], extending Sciama’s formulation of Mach’s principle [55], predicted that
time-varying energy content in a system produces transient fluctuations in its inertial
mass, mediated by the scalar gravitational potential ®:

1 PE 1 (3E\?

om(t) o @W — C}T% (E) (24)
The Woodward effect is explicitly about the scalar potential as a physical mediator of
inertial effects. NASA has funded experimental programs testing this prediction [40],
with reported thrust measurements from capacitors undergoing rapid energy changes.
However, the experimental status is contested: thrust measurements at the micro-
Newton level are susceptible to systematic errors (thermal expansion, electromagnetic
interference, center-of-mass shifts), and no independent replication has confirmed the
effect. The theoretical derivation itself depends on Sciama’s formulation of Mach’s prin-
ciple, which is one of several competing implementations and not uniquely determined
by general relativity. This prediction is included because it illustrates how potential
primacy connects to the origin of inertia — not because the effect is established. The
reader should treat Eq. (24) as a theoretical possibility, not as an observational result on
the same footing as the Aharonov-Bohm phase or flux quantization.

The limits of this analogy deserve equal emphasis: GEM is a weak-field, slow-
motion approximation. Full general relativity is a theory of spacetime curvature, not of
gravitational potentials, and it has no simple potential-primary reformulation. The GEM
analogy breaks down for strong fields, relativistic velocities, and nonlinear gravitational
effects. The spin-2 nature of gravity (reflected in the factor of 1/2 above and the
tensorial source) means the analogy is structural, not fundamental — the graviton, if
it exists, has different quantum numbers than the photon. Whether potential primacy
in electrodynamics implies potential primacy in gravitation remains an open question.
What the GEM formalism does establish is that if the analogy holds at the potential
level, then the same vector potential configurations that produce electromagnetic effects

in field-free regions (Aharonov-Bohm) may probe gravitational degrees of freedom.

411 The Vacuum Coupling

The quantum vacuum is structured. Quantum electrodynamics predicts fluctuating elec-
tromagnetic fields even in the ground state, producing measurable effects: the Casimir
force between conducting plates, the Lamb shift in hydrogen, spontaneous emission
from excited atoms. These are not speculative predictions — they are confirmed to high

precision.
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In the field-primary formulation, coupling to the vacuum requires engineering field
configurations (boundary conditions on E and B) that modify the mode structure of
vacuum fluctuations. The Casimir effect is the canonical example: two conducting
plates exclude long-wavelength modes between them, creating a net force.

In the potential-primary formulation, a more direct coupling channel opens. The
vector potential A polarizes the quantum vacuum and influences quantum phase even
in regions where E = 0 and B = 0 — this is the Aharonov-Bohm effect applied to
vacuum fluctuations. Wilson et al. [56] demonstrated the dynamical Casimir effect
using a SQUID-based circuit: by rapidly modulating the effective boundary condition
(the inductance of the SQUID, which is controlled by the magnetic flux ® = § A - dl),
they created real photon pairs from the vacuum. The boundary was not a moving
mirror but a modulated potential — a direct demonstration that potential configurations,
not just field configurations, couple to vacuum structure.

Graham and Lahoz [57] provided earlier evidence of vacuum coupling by measuring
static electromagnetic angular momentum in vacuum — demonstrating that the crossed-
field configuration E x B carries real momentum even in empty space. The vacuum
acts as a reservoir of angular momentum, consistent with Lorentz’s hypothesis of an
inertial medium.

Haisch, Rueda, and Puthoff [58] proposed that inertial mass itself is not intrinsic
but emergent: an electromagnetic drag force from the zero-point field (ZPF) acting on
accelerated charges. Building on Sakharov’s 1968 proposal [59] that gravity is induced
by vacuum fluctuations, the Haisch-Rueda-Puthoff (HRP) model identifies inertia as
the resistance of the ZPF to acceleration. The ZPF appears isotropic to uniformly
moving charges but asymmetric to accelerated charges, producing a back-reaction
force proportional to acceleration — f = ma as an emergent relation rather than a
fundamental law. If this model is correct, then the deleted degrees of freedom include the
mechanism by which matter acquires mass: the coupling between the vector potential
and the structured vacuum. This model has not achieved consensus. The calculation
requires specific assumptions about the ZPF spectrum and the nature of the charge-
vacuum interaction that remain debated. But the conceptual point survives independent
of the specific model: the potential-primary formulation opens coupling channels to the
vacuum that the field-primary formulation cannot represent, because A extends into

regions where E and B do not.

5 Engineering Implications

If the deleted content is restored, what engineering possibilities emerge? Each deleted
sector identified in Section 4 opens a specific engineering design space that the field-

primary formulation cannot represent.
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Figure 10: The engineering design space expands from 6 to 16 degrees of freedom when
potentials are treated as primary. Gauge freedom is not mathematical redundancy but the space
of physically distinguishable potential configurations that produce different non-field effects.

5.1 Scalar-Longitudinal Wave Engineering

If confirmed by independent replication, the EED predictions (Section 4.4) — skin-
effect immunity, Faraday-cage penetration, 1/r? attenuation, monopolar reception —
would translate directly into engineering applications for communication, sensing, and
energy transfer through conductive barriers. The dispersion relation for SLW in curved
spacetime connects to the Hubble constant and the Ricci tensor [4], suggesting that
the scalar-longitudinal sector bridges electrodynamics and gravitation at the wave-

propagation level.

5.2 Vacuum Coupling via Potential Configurations

The dynamical Casimir effect (Section 4.11) demonstrates that potential modulation
creates real particles from the vacuum. Toroidal current configurations generate A-field
patterns extending far beyond the device boundary, where E and B vanish [40]. At
resonant frequencies determined by the geometry, the vector potential disturbance
is maximized through constructive interference. This suggests that systems which
are electrically closed could in principle be open in terms of potential coupling — an

engineering possibility that the field-primary formulation cannot even formulate.
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5.3 Gravitational Engineering at the Potential Level

If potential primacy extends to gravitation (Section 4.10), electromagnetic configurations
— particularly toroidal geometries that generate strong A-fields in field-free regions —
may probe gravitational degrees of freedom through the shared connection geometry.
This remains a theoretical possibility, not a demonstrated effect.

5.4 Phase Engineering

SQUIDs already exploit flux quantization (Eq. (9)) — the macroscopic consequence
of phase engineering via A. Berry’s geometric phase [23] generalizes the principle:
engineering the connection (the potential configuration) engineers the phase evolution
of quantum systems traversing that configuration. The question is not whether phase
engineering works — it does — but what further applications become visible when the
tull potential hierarchy, including the superpotential structure (Section 4.7), is available

as a design space.

5.5 Gauge Freedom as Design Space

The standard narrative treats gauge freedom as mathematical redundancy. The potential-
primary perspective inverts this: gauge freedom is an unexploited engineering parame-
ter space. Within the space of all potential configurations that produce the same fields,
different configurations produce different non-field effects: different Aharonov-Bohm
phases, different vacuum polarization patterns, different topological structures.

The analogy to canonical versus kinetic momentum makes this concrete. In the
presence of an electromagnetic field, the canonical momentum pean = mv + gA is
gauge-dependent, while the kinetic momentum py;, = mv is gauge-invariant. Standard
physics uses kinetic momentum and discards the gauge-dependent part. But the
canonical momentum is what the Hamiltonian uses, what determines quantum phase
evolution, and what superconductors physically enforce. The “gauge-dependent” part

carries the engineering content.

5.6 Toroidal Phase Factor Engineering

The topological structure of toroidal geometries (Section 4.1) is essential: the torus is the
simplest multiply connected geometry that produces field-free regions with non-zero A.
Its topology can promote the gauge group from U(1) to SU(2) under specific excitation
conditions [14], enabling non-Abelian phase factors that have no representation in terms

of fields alone. Engineering the topology of the potential configuration — not just
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the amplitude of the fields — is the distinctive capability that the potential-primary
formulation offers.

6 Discussion

The argument of this paper is structural, not speculative. Three historical simplifications
deleted physical content from electrodynamics. The deleted content can be precisely
identified. When it is restored — through gauge-free formulations, superpotential
decompositions, time-symmetric theories, and the gravitational analogy — engineering
possibilities emerge that the standard formulation structurally hides.

What this paper adds is the synthesis: the Aharonov-Bohm effect, Berry phase,
Extended Electrodynamics, Whittaker’s decomposition, the Wheeler-Feynman absorber
theory, and the GEM analogy are not isolated results in separate subfields. They are
windows onto the same reality — a potential-primary electrodynamics richer than the
one textbooks teach. The standard formulation is not wrong. It is incomplete in ways
that have engineering consequences.

The standard objection — that gauge freedom makes potentials unphysical — fails
on examination. Gauge freedom constrains the representation of A, not its physical
content. The gauge-invariant quantities (enclosed flux, holonomy, geometric phase) are
precisely the quantities that make the Aharonov-Bohm effect, superconductor physics,
and Berry phase possible. As Feynman concluded: “In our sense then, the A-field is
‘real.”” [24]

6.1 Why Does Modern Physics Work Without Potential Primacy?

The obvious objection is this: if potential primacy is physically important, why does
the entire edifice of modern physics — QED, the Standard Model, every precision
measurement — work perfectly well in the field-primary formulation? Why should
anyone care about degrees of freedom that 150 years of physics successfully ignored?

The answer has three parts.

First, modern physics does use potential primacy — it simply does not call it that. The
Standard Model is a gauge theory. Its fundamental variables are connections (gauge
potentials), not curvatures (field strengths). The photon field A, is the U(1) connection;
the gluon fields are the SU(3) connection; the W and Z are the SU(2) x U(1) connection.
Every Feynman diagram is computed from propagators of these potentials, not from
propagators of E and B. The Standard Model already implements potential primacy at
the quantum level. The disconnect is not between the physics and potential primacy —
it is between the physics and the textbook narrative that accompanies it.
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The persistence of these modes in canonical QFT is examined in Section 4.8. The
same preference operates in engineering: finite element solvers for computational elec-
tromagnetics have used the vector potential A as their primary variable for decades [60].
The curl-curl equation for A automatically enforces V - B = 0, and A’s tangential
continuity across material interfaces simplifies discretization where E and B are dis-
continuous. For superconductor modeling, A is the only viable primary variable, since
the London constitutive relation (Eq. (8)) defines the supercurrent as a direct function
of A itself. Industry-standard tools solve for potentials; textbooks teach fields. The
disconnect is pedagogical, not physical.

Second, the field-primary formulation succeeds because the phenomena it was designed to
describe are transverse. Electromagnetic radiation, scattering, and the precision tests of
QED all involve transverse photon exchange. The transverse sector of electrodynamics
is identical in the field-primary and potential-primary formulations — they diverge
only in the longitudinal and scalar sectors that standard experiments do not probe. The
success of QED is real but does not speak to the completeness of the theory with respect
to non-transverse degrees of freedom.

Third, gauge freedom is a feature of the description, not of nature. The argument that
potentials are unphysical because they are gauge-dependent proves only that any single
gauge-fixed representation of A underdetermines the physical content. The gauge-
invariant quantities — enclosed flux, holonomy, geometric phase, Wilson loops — are
precisely the quantities that make the Aharonov-Bohm effect, superconductor physics,
and Berry phase possible. These quantities are defined in terms of potentials, not fields.
Gauge freedom constrains the representation of A, not its ontological status — which is
an argument for its richness, not its unreality.

The field-primary formulation is not wrong. It is a consistent restriction to the
transverse sector of a richer theory. The question this paper raises is not whether
the restriction works — it does — but whether the restricted theory can see the full

engineering design space. The answer, given the evidence in Section 4, is that it cannot.

6.2 Gauge Fixing as Information Loss

The argument of this paper can be stated in information-theoretic terms. The four-
gradient d, A, contains 16 kinematic components. The electromagnetic field tensor
F,y retains 6. The projection from 16 to 6 is a lossy compression — and unlike data
compression, there is no decoder that recovers the original from the compressed version.
The fields do not determine the potentials uniquely; that is precisely what gauge
freedom means. The kinematic content of S, is irreversibly lost when physics works

exclusively with Fy,.



A\ The Deleted Degrees of Freedom 38

This compression discards more than redundant labeling. The symmetric part
S,y transforms under gauge as S,, — Syv + 9,0y, so it is gauge-dependent. But
gauge dependence does not imply physical emptiness. The four-potential A, is equally
gauge-dependent, yet it carries physical content that the gauge-invariant F,, cannot
reconstruct: holonomy (the Aharonov-Bohm phase), flux quantization (the London
constraint), and the canonical momentum that superconductors physically enforce.
The principle is general: gauge-dependent fields can encode gauge-invariant physics
through the observables constructed from them.

The same principle applies to S, Its trace d, A" is gauge-dependent in the standard
theory (it transforms as 9, A*¥ — 9, A" + Ux). But in Extended Electrodynamics (y = 1
in the Stueckelberg Lagrangian), the gauge freedom is eliminated by construction: the
gauge-fixing term that standard electrodynamics imposes as a constraint is promoted
to a dynamical term in the Lagrangian. The resulting theory has no residual gauge
symmetry, and the scalar field C = 9, A" acquires its own wave equation, energy
density, and source coupling. These dynamical properties are not gauge-dependent —
they are properties of a gauge-free theory.

A common objection deserves explicit address. In the standard Stueckelberg mecha-
nism for massive electrodynamics (m > 0), the compensating scalar field is introduced
precisely to restore gauge invariance, and it can be gauged away (unitary gauge reduces
Stueckelberg to Proca). This makes the standard Stueckelberg scalar “pure gauge.” But
in EED (y = 1, m = 0), the situation is structurally different: the scalar field C is not
a compensator introduced to absorb gauge variation — it is the Lorenz divergence
itself, promoted from a constraint (C = 0) to a dynamical variable (LIC = sources).
The distinction is between a field that exists to be gauged away and a field that exists
because the gauge was removed. Whether this distinction survives quantization —
in particular, whether the resulting quantum theory is unitary and ghost-free — is
addressed in Section 4.8.

In the language of information theory, gauge fixing is an irreversible operation: it
maps a larger state space onto a smaller one with no inverse. The information lost
includes holonomy, scalar-longitudinal coupling, and topological structure that the field
representation cannot reconstruct. The Aharonov-Bohm effect is the physical proof that
the compression is lossy: there exist physically distinguishable states that map to the

same field configuration but different potential configurations.
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6.3 Implications for Quantum Mechanics

The connection between deleted degrees of freedom and quantum mechanics runs

deeper than the Aharonov-Bohm effect. Three observations converge:

1. Cramer’s identification of ¢* as an advanced wave implies that quantum me-
chanics already incorporates the time-symmetric sector that Act 2 deleted from
classical electrodynamics. The Born rule P = ¢9* is a product of retarded and
advanced waves. The “measurement problem” may be, in part, a consequence of
interpreting as paradoxical a mathematical structure that the Wheeler-Feynman

framework renders natural.

2. Mead’s identification [44] of the superpotential x with the quantum phase 0
(via x = h6/q) implies that quantum phase evolution is motion in the potential
hierarchy. Gauge transformations A — A + Vx are shifts in the superpotential,
which are shifts in the quantum phase. The “unphysical” gauge freedom of
classical electrodynamics is the physical phase freedom of quantum mechanics.

3. Taylor relaxation [27] demonstrates that discrete states can emerge from topolog-
ical conservation laws without quantization in the quantum-mechanical sense.
Turbulent plasmas relax into states labeled by winding numbers — integers that
arise from the topology of the magnetic helicity, not from 7. If “classical quan-
tization from topology” is possible in plasma physics, the boundary between
classical and quantum may be less fundamental than conventionally assumed —
and the deleted topological degrees of freedom (Section 4.1) may be relevant to

the foundations of quantum mechanics itself.

6.4 Limitations and Open Questions

This paper does not claim that restoring deleted degrees of freedom immediately
yields practical devices. The engineering categories in Section 5 require theoretical
development, experimental verification, and substantial engineering effort. Several

specific limitations deserve acknowledgment:

¢ Preliminary experimental results for scalar-longitudinal waves [38] are consistent
with EED predictions but have not been independently replicated. Until they
are, EED remains a mathematically consistent extension with suggestive but not

conclusive experimental support.

¢ The Whittaker decomposition’s physical interpretation (particularly the time-
reversal reading of phase-conjugate wave pairs) goes beyond Whittaker’s original
mathematical result. The decomposition is proven; the ontological interpretation

is not.
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* The gravitational extension via the GEM analogy is a formal analogy in the weak-
tield limit. Whether potential primacy extends to full general relativity — and
whether electromagnetic configurations can produce measurable gravitational

effects — remains an open experimental question with no positive results to date.

* The Wheeler-Feynman absorber theory, while mathematically consistent, requires
specific assumptions about cosmological boundary conditions that are difficult to
test independently.

¢ The Haisch-Rueda-Puthoff model of inertia as ZPF drag, while published in
Physical Review A, has not achieved consensus. The specific form of the charge-

vacuum interaction and the ZPF spectrum assumptions remain debated.

¢ The Kaluza-Klein framework, while mathematically elegant, requires a fifth di-
mension whose physical status is unclear. Compactification to unobservable scales

is assumed but not derived.

e Woodward’s Mach effect thruster results, while NASA-funded, remain contested.
Systematic errors in thrust measurement at the micro-Newton level are difficult to

exclude definitively.

* The quantization of EED remains an open problem. The massive Stueckelberg
theory is known to be renormalizable and unitary, but whether the massless
EED limit (m — 0, v = 1) preserves these properties — in particular, whether
the scalar-longitudinal sector is ghost-free at the quantum level — has not been
demonstrated. The classical predictions of EED (scalar-longitudinal wave propa-
gation, modified energy flow) are independent of this question, but a complete

theoretical foundation requires it to be answered.

A necessary distinction: the arguments in this paper must not be confused with the
“O(3) electrodynamics” of Evans and the AIAS group, which operates in superficially
similar thematic territory (extended Maxwell equations, scalar waves, potential ontol-
ogy). Trovon de Carvalho and Rodrigues [28] have demonstrated that the AIAS program
rests on elementary group-theoretic errors (confusing U(1) with O(2), inverting the
covering-group relation between SU(2) and SO(3)), a fictitious B(® field refuted by
experiment, and fundamental misunderstandings of gauge theory. The Evans program
is mathematically incoherent. The extended electrodynamics discussed here (Section 4.3)
derives from the Stueckelberg Lagrangian, is supported by Woodside’s uniqueness
theorems, and has been arrived at independently by multiple research groups over two
decades. The two programs share terminology; they share nothing else.



A\ The Deleted Degrees of Freedom 41

What this paper does claim is that these engineering categories are invisible in
the field-primary formulation — not because they are speculative, but because the
formulation structurally cannot represent them. Restoring the full theory does not

guarantee applications. It makes them conceivable.

7 Conclusion

Every time physics chose mathematical convenience over physical completeness, it
deleted an engineering degree of freedom. Heaviside deleted the scalar-longitudinal
sector and the scalar part of the quaternion product. The Lorenz gauge deleted the
independent content of V - A, the seventh field component T, and advanced solutions.
The ontological demotion deleted the motivation to investigate what had been removed.
Together, they reduced a 16-component theory to a 6-component one and declared the
missing 10 components unphysical.

The Aharonov-Bohm effect proved the demotion was wrong. The Maxwell-Lodge
effect proved it classically. The fiber bundle formulation proved it was topologically de-
structive. Extended Electrodynamics — derived independently by Van Vlaenderen [33],
Hively and Giakos [35], and Reed and Hively [4] — showed what the Lorenz gauge
hides. The Vector Potential Transformer showed it is real enough to build patented
devices on. Newton’s third law showed that standard electrodynamics fails for open cir-
cuits — and that restoring the longitudinal force restores the symmetry. Whittaker and
Hertz [43] showed the potential hierarchy extends above the four-potential. Goto [46]
showed that even in canonical QFT, the “deleted” modes persist as independent dynam-
ical variables. Wheeler-Feynman showed that time symmetry is physically consistent
— and Cramer showed it was hiding in quantum mechanics all along. Gravity Probe
B showed that potential primacy extends to gravitation. Kaluza-Klein showed it was
gravitation. The dynamical Casimir effect showed that potential modulation creates
real particles from the vacuum.

The physics that textbooks skip is not exotic. It is the physics that Heaviside found
inconvenient, that the Lorenz gauge made invisible, and that a century of ontological
prejudice kept hidden. The full potential tensor d, A, — all 16 components — contains
scalar-longitudinal propagation, topological structure, vacuum coupling channels, grav-
itational degrees of freedom, and a time-symmetric sector that quantum mechanics
already uses without acknowledging. Restoring it is not a revolution. It is a cor-
rection — and the engineering consequences of that correction, beginning with the
non-Hermitian topology of exceptional point systems and the experimental search for
scalar-longitudinal wave signatures, are the subject of the work that follows.
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